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ABSTRACT
In 1966 and 1967 many long-lived streams of low-energy solar
electrons and protons were observed near Earth. These streams were
sometimes associated with bright flares which occurred many hours
earlier and sometimes no individual flare could be found. In the latter
case the particles are evidently to be associated in a general way with
solar active centers as Fan at al (1968) have done. The long-lived
solar events discussed here include energetic storm particles, delayed
events and fluxes associated with solar active regions. It is suggested
here that these are all probably the same basic phenomena viewed in
somewhat different ways depending on the age of the region and
its location on the solar disc. These events are usually associated
with a depression in the sea-level neutron intensity and one or more
sudden commencements or suciden impulses. Both electrons and protons
are present in these events but in several cases electrons were not
detected. The most unusual feature is that when both particle species
are present, the electron flux is centered several hours before the
proton flux.
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INTRODUCTION
The purpose of this article is to discuss energetic: solar particle
events of the following types:
1.	 Energetic Storm Particles (ESP), previously discussed by Bryant
at al. (1962) and Rao at al. (1967).
2. Delayed Particle Events (Lin and Anderson, 1967).
3. Protons Associated with Centers of Solar Activity (Fan at al. , 19683
In order to sidestep for the moment the difficulties in defining
precisely these categories of particles and to avoid using nomenclature
that suggests an interpretation, we refer to the above collectively as
EDP events,
Such events are characterized by either of the following: (1) The
particles arrive at Earth many hours after a large, bright flare. (2)
It is difficult to associate the particle fluxes with a particular flare but
at least one well developed solar active center is present on the visible
disc. In this last case it may be, as Fan at al. (1968) have suggested,
that the production of the particles is not due to a single flare or even
several flares but is a general feature of some active centers.
The EDP particle events are mostly made up of low energy parti-
cles (electrons ;b 20 KeV and protons P300 KeV). Their time histories
are complex and are closely correlated with a variety of interplanetary
as well as solar phenomena. The complexity of these events is evi-
dently imposed by not only the acceleration process but by transport
processes both in the solar atmosphere and in interplanetary space.
Here the main interest is in comparing the behavior of both
electron and proton fluxes in the same events.
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METHOD
The present study is based largely on data from the IMP-3, IMP-4
and Explorer - 35 satellites. The electron and low energy proton observa-
tions are obtained mainly from geiger -raueller tubes and an ion chamber.
Since one of the geiger tubes is in scatter, rather than direct geometry,
absolute fluxes of electrons having energy > 45 K^V are obtained without
ambiguity in all cases discussed here. This counter is fully shielded
against protons below 30 MeV and electrons < 5 MeV. Protons with energy
;2^ 30 MeV and electrons with energy 5 MeV penetrate the shield but their
presence is indicated by the ion chamber. Then the electron fluxes can
be corrected unless the energetic proton intensity is very high in which
case the counter data are not used. This solar cycle is not producing
many protons > 30 MeV so this latter situation seldom arises. The flux
measurement of protons having energy > 500 KeV is done with the open
geiger tube which on IMP - 3 has the same window thickness and hence
same electron threshold energy as the scatter counter. Thus, when both
protons and electrons are present the flux of electrons > 45 KeV obtained
from the scatter counter is subtracted from the total flux measured by
	 \
the open counter to obtain the proton flux. Often the electrons and pro-
tons have markedly different time profiles and discrimination is straight-
forward. In many events few electrons are present and the proton flux
can be arrived at with considerable reliability. At times it is possible
only to sat an upper limit for the proton flux. Proton fluxes cannot be
estimated quantitatively when the electron flux is much larger
than the proton flux. However, study of the counting rate ratio makes
it possible to say when both particle types are present. For the events
discussed here there; is no confusion between electrons and protons and
the error in determining the absolute proton flux is a factor of two or less.
4.
RESULTS
Numerous examples of EDP events may be seen in the Figures of
this article. Their general characteristics are slow buildup and decay
lasting over the period of one to several days, rapid changes in the flux
often occur near the center of the event, and both electrons and protons
are present with fluxes from 10 to 1000 (cm. 2
 or sec) -1 . Thes.n events
usually are associated with large, bright active centers which mayor
may not have produced bright flares. In almost all EDP events there is
a depression in the sea level neutron monitor intensity of 1 to 31%.
Fairly complete satellite coverage is available for these events from
late 1963 through the end of 196 7.
 With detectors whose energy detection
thresholds are 45 KeV for electrons and 500 KeV for protons and whose
flux threshold is about 10 1(cm or sec) ^ , the number of EDP events each
year has been counted. The count is not entirely straightforward for a
variety of reasons: The coverage is not 100 % for all years, the events
have extremely complex time histories and one event may overlap another.
Also, the detection sensitivities of the experimental apparatus v;: ,ere increa-
sed somewhat in 196 7.
 Nonetheless the count is sufficiently accurate to
demonstrate a strong solar-cycle dependence. Table 1 shows the large
increase in number of EDP events from 1964 through 1967 during the
time when solar cycle 20 was developing.
Now we turn to a detailed discussion of several of the EDP events
that occurred during this time.
'	 During January,	 1967 four distinct solar particle events occurred.
Here we discuss the first three but not the one which began on 28 January
and contained rather high fluxes of protons > 10 MeV. The neutron moni-`
tar record for this month is shown in Figure 1 along with certain solar
,a
and interplanetary information.
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Early on 6 January, soft protons began to appear without do . actable
fluxes of electrons being present (Figure 2). hollowing a sudden commen-
cement during the morning, the proton intensity rapidly increased, cul-
minating in two peaks at 2030 UT on 7 January and 0100 U`1' on 8 January.
The largest flux of protons with energy > 500 KeV was about 400 (cm2
 or
sec) -1 . At this time fluxes of electrons with energy >45 KeV were
undetecrable with a threshold of about 10 (cm2 sec sr) -1 .	 The proton
flux then decayed away rather more slowly than it built up. On 10 January
weak fluxes [ --10 (cm2
 or sect ^ were still detectable. From Figure 2 it
is seen that during the presence of the intense proton fluxes from 7 to 9
January there is is depression in the neutron intensity (Figure 1). The
lowest value of neutron count rate was reached at 2100 UT on 9 January
but by this time the proton flux is quite small. There is no good flare
association for the increase in proton intensit y that began shortl y past
noon on 7 January-. Only a 2N flare at E70 which began at 0945 UT
could be considered a. candidate. It therefore appears necessary to assoc-
iate Che proton flux with an active center in a general way as Fan et al.
(1968) have done. Two active centers are possible candidates: McMath
plage regions 8 , 629 with central meridian passage (CMP) on 2 . 3 ,','- January
and 8632 with CMP at 6.9 January (Solar-Geophysical Data, 1967). Both
of these, regions were in the South. Region 8631 in the North is also a
possibility but it did little flaring before its passage across the disc.
Region 8629 did the most flaring but it is 75 0
 to 800
 west of central
meridian at the time of the peak proton intensity so it is not likely to have
This method of specifying time is the one used in Solar-
Geophysical Data. Thus 11 . 5 May means 1200 UT on 11 May.
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been responsible for the particle and interplanetary effects on 7 January.
It therefore see ms that region 8631 or 8632 must be responsible for the
effects. Evidence for two proton components can be seen from Figure 2.
There is the relatively weak, smooth flux which is present from 5 to 10
January. The other component appears rather suddenly on 7 January and
reaches intensities two orders of magnitude higher. This is reminiscent
of the halo-core structure discussed by Lin, Kahler and Roelof (1968) in
the case of the 7 July 1967 flare.
The interpretation given to the solar particle event from 5 to 10
January 1967 is the following: A large supply of protons of energy P^ 500
KeV is produced in or around the active center by flares or other acce-
leration processes. These protons are trapped by the magnetic fields
and have lifetimes of several days. Thus they must exist in the corona.
They may escape from this region and find themselves on interplanetary
field lines. Spiralling out along these field lines with little or no trans-
verse diffusion to distances > 1 A.U. they appear in the neighborhood of
Earth due to the corotation of the interplanetary field lines. The two
components (halo and core) can be explained as follows: Some of the
particles diffuse through the solar corona over great distances (the halo).
In the case just discussed the distance is — 70 o corresponding to the five
tday period from 5 to 1.0 January. The more intense fluxes which appear
shortly past noon on 7 January occur on field lines which connect into
regions where the proton i.nf^msities are greatest or else where the pro-
duction and escape rates are highest (the core). The large fluctuations
at these times indicate that these regions are far from being in diffusive
equilibrium in contrast to the halo. The neutron monitor decrease from
0 to 10 January is evidently associated with the plasma and interplanetary
magnetic field which originates in and near the active region. Since: t1w
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above model is a composite of ideas from Q'Gallagher and Simpson (1966),
Bartley et al. (060), Lin and Anderson (1967) and Fan et a1. (1968). we
introduce it at this point and use it as an interpretative guide throughout
the remainder of this article. We find the idea of coronal diffusion to
•	 account for the ;b 70o spread of the particle fluxes a more acceptable idea
than extreme flaring open of field lines from active regions (Fan et al.
1968). The most extensive discussion of coronal diffusion based on experi-
mental evidence has been given by Lin, Kahler and Roelof (1968).
The next point of interest during January, 1967 is a bright flare that
occurred on 11 January. The associated flare particles will be discussed
in a separate section later in this article.
From Figure 1 it is seen that a sudden commencement and Forbush
decrease occurred on 13 January. No particle effects were found at these
times. Evidently the interplanetary field structure was such as to be
able to produce a cosmic ray decrease in the neighborhood of the earth
but the field lines were connected into the sun at a place where no large
supply of energetic particles existed.
Another solar particle event begins on 20 J tnuary when a flux of
soft protons appeared. The particles remain ur.cil 23 January and show
large fluctuations. The peak intensity of protons > 500 KeV is about
150 (cm 2
 sr sec) -1 . (Figure 3). Electrons are absent as in the earlier
event in January. Again the appearans .,.t this proton flux is not closely
associated with a large flare. Active regions pass central meridian on
21.1 and 22.6 January. Both regions are in the north. The second of
these regions produced a number of flares, but little type I radio
noise	 from 19 to 24 January.
	 Again there is a general association of
the proton fluxes with an active center but it is impossible to conclusively
identify which of the several centers on the	 visible	 disc:	 is the one 
471,
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responsible for the particle fluxes. This event also shows a smooth,
long-enduring component with more intense, structured fluxes superposed
on it.
A third example of a long-lived particle stream associated with a
solar active region is shown in Figure 4. In this case there are substan-
tial fluxes of protons > 12 MeV unlike the two events in January 1967 just
discussed. The time profile of the more energetic protons is very smooth
and again fits the general ida;. of transport across —50 0  of the solar disc
by means of coronal diffusion. The associated active center has CMP
on 7. 1 July and the > 12 MeV protons have their maximum intensity at
Earth at 9. 3 July. The centroid of the active region is only at — 3noW
at this time showing that either the solar wind velocity is greatly enhanced
or else that the emission of particles takes place predominantly on the
westward side of the region (F. B. McDonald, private communication).
The rather abrupt rise in the low energy proton intensity early on 9
July is believed to be a core effect. It is unusual in that it is quite
asymmetrical but rather unstructured. This would imply a strong spatial
gradient on the westernmost side of the solar trapping region and much
weaker gradients as one moves eastward through the trapping region.
Al B flare at S23 W64 began at 0110 UT on 9 July but only weak radio
noise was associated with it. From the University of California experi-
ment on OGO-3 we find very few protons > 4 MeV in this enhancement so
that the counter effects are due almost entirely to protons <4 MeV. The
enhancement begins at — 0200 UT and has reached half-maximum at —0300
UT. Since 4 MeV prott;nk- could arrive no earlier than 0300 UT if they
leave at the time of the flare beginning, it is not likely that the soft
proton enhancement is due .to this flare. In any case the important point
is that we have given a further example of an EDP event in which protons
F"-
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dominate and the electron fluxes are much smaller or are absent entirely.
An example of a particle event associated with a solar active center in
which electron fluxes appear and in fact considerably exceed the proton fluxes
is shown in Figure S. Rather few examples of EDP events in which electron
fluxes dominate have appeared in IMP satellite records. The flux of electrons
> 45 KeV is 100 (cm2 or sec) -1 and the proton intensity does not exceed 40 in
the same units. Its time profile is somewhat smoother than the case of the
delayed proton events (Figures 2 and 3). No appreciable neutron monitor
decrease occurs at the time these electron fluxes are present near the Earth.
The active center association also appears to exist as in the case of protons.
Region 8733 passed central meridian on 22 . 5 March. This was an unusually
large and bright region although the number of sunspots in'it was not excep-
tionally large and the type I radio noise: emission was quite weak. Electrons
with energy > 45 KeV appear shortly past noon on 24 March. They build up
slowly in intensity for about 30 ,hours then begin to decay. No proton
fluxes > 500 KeV appear in the open G-M tube and the Explorer 33 geiger
tube shows that no protons with energies > 12 MeV are present at these
times. This event is clearly not a prompt or flare-associated type since
these build up in less than an hour no matter where they are located on
the solar disc (Lin and Anderson, 1967). Another particle event
associated with CMP of a solar active region is seen in Figure 5 to
begin early on 28 March. Both electrons > 45 KeV and protons > 12 MeV
are present. The buildup of the electron fluxes is lost because the IMP-3
spacecraft goes into the radiation zones at this time. The electron flutes
show a much longer decay than the protons on 29 March and 30 March.
A small decrease in sea level neutron intensity occurs beginning 27 March.
1.61 aiid .Anderson (140) published two examples of delayed events in
which thr electron fluxes arrived several hours before the associated proton
x
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flux. Several more examples have been found showing this property.
They are shown in Figures 6-11 and are described further in Table 1.
A particularly clear example is the one shown in Figure 6. Region
8610 crosses central meridian on 13.6 December and a Forbush decrease
of about 6% follows within a few Hours. Soft proton and electron fluxes
begin to appear early on 13 December. The electrons reach a maximum.
at 1200 UT can 13 December and have largely disappeared by 1800 UT on
the same day. The protons exhibit two large peaks, then decrease until
early on 14 December. Following that a slowly decaying tail remains.
The electron flux appears at the time of a sudden commencement and
disappears at another SC. This is the same behavior as on 29-30
August 1966 (Lin and Anderson, 1967). Higher energy protons appear
abruptly at — 1800 UT on 13 December just as the electrons disappear.
Figure 7 shows electron and proton fluxes near the time region 8863
passed central meridian on 26 June. A type I radio noise region crossed
central meridian at about the same time. A decrease in sea level
neutron intensity began early on 25 June after a SC. After a partial
recovery on the 26th a second and larger decrease occurred on 27 and
28 June. The fluxes of electrons in this event are quite small but none-
theless determined to be about 10 (cm 2 sr sec) -1
 above 45 KeV. The
peak intensity was reached at 0900 UT on 26 June. At this time the
proton intensity was low but rapidly rising. The proton intensity
attained a broad, structured peak lasting until 0900 the next day. A
narrow proton peak appeared at 1800 UT on 27 June. After that the
protons rather quickly disappeared. When the proton intensity was at
its highest value the electrons had fallen to a low intensity.
Two more solar particle events showing electron-proton splitting;
similar to the twt, .events just discussed are given in Figures 8 and 9.
11.
The dissimilarity between the electron and proton temporal behavior
is again marked. One interesting contrast between these two events is
that the much less intense one of 14-16 April was associated with a
larger depression in sea level neutron intensity than the more intense
one on 29 July to 3 August. The event of 29 July-3 August 1966 again
shows a halo-core structure.	 This event was observed from two space-
craft separated by about 500, 000 km.	 The electron fluxes as seen in
the two spacecraft appear in the bottom panels of Figures 9a and 9b.
They are similar but distinct differences do appear. Differences in the
direction of the interplanetary field lines at the two satellites could affect
the counting rates since the detectors are somewhat directional. The
effect could also be due to spatial gradients of the electron fluxes. The
tendency for the electron fluxes to be smooth and the proton fluxes to be
structured is again seen in Figure 9.
The final example of electron -proton splitting in solar particle
events associated with active regions is given in Figure 10. This
event shows many unusual features. There are no interplanetary effects
as reflected in neutron monitor decreases or sudden commencements
and sudden impulses in ground magnetometers. CMP of a large, bright
active region occurred on 4.5 July at a latitude of S18. The plage area
was 3000 x 10 6 of the solar disc and 24 sunspots were present. How-
ever, there was little type I noise. A flux of electrons lasting less
than one hour appeared first. The intensity was 10 3 (cm2 sr sec)-1
above 22 KeV. Following this a weaker flux of electrons remained for
many hours. Protons with energy > 12 MeV then appeared. These
fluxes were highly structured. They were observed on two spacecraft
separated by several hundred thousand kilometers and ap :ar quite
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differently in the two ion chambers. Nevertheless it is clear that
the largest electron effects appear first followed several hours later
by the proton fluxes. Again interpreting this event as emission from
a solar storage region onto corotating interplanetary field lines the
largest proton fluxes and strongest gradient occur on the western edge
of the region but weaker fluxes extend a great distance to the vast.
There is the possiLility in this case that the electron peal: between 0800
and 0900 UT is of interplanetary rather than solar :.o rigin but there is
no SI or SC to indicate this.
An example of electron-proton splitting in a delayed particle
even which can be associated with a particular flare is shown in
Figure 11. The 2B flare is at S26 W47 and there is a prompt compo-
nent which will be discussed later in this article. We first consider
the fluxes which begin to appear at about 1200 UT on 11 January 1967,
some 10 hours after the flare. At about 0200 UT on 12 January there
is a rather intense peak of energetic electrons, some of which penetrate
the ion chamber and thus exceed 500 KeV in energy. Very few protons
are present at this time. D, somewhat smaller peak at 0600 UT contains
a mixture of soft electrons (> 22 KeV) and soft protons (> 300 KeV).
After that the electron fluxes rapidly disappear. Then at 0900 and 1400
UT large fluxes of nearly pure protons appear. These particle fluxes
then quickly decrease leaving a much weaker, slowly decaying component
after 2100 UT on 12 January. A weak flux of electrons > 45 KeV also
r emains at these times. Following a SC at 1200 UT on 13 January a
flux of soft electrons appears. Following the SC, few particles from
the flare remain. Although the flare was at W47 and therefore quite
close in longitude to ficld lines which connect ;.0 the earth the; dt- layc(l
r.
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arrival of the particles indicates the propagation path of the particles
from rather far in the South (S26) to the solar equatorial region was
not a direct one.
.
	
	
We reject the interpretation that these particles represent new
injection of particles from a flare at about 2000 UT. There is, in
fact, an iiaportance 1 flare at N16 W88 beginning at 2016 UT. There
were strong bursts of type III radio noise from 2042 to 2047 UT and
somewhat weaker type II noise from 2054 to 2104 UT. We consider that
there are two decisive arguments against associating the particles
observed at Earth late on 11 January with these solar events:
1. The particle event of 11-12 January has a pronounced core-like
structure. The protons are highly structured and the decay of
the event is much more rapid than in the case of prompt flare
events.
2. The electron-proton splitting is characteristic of EDP events
and not of prompt flare events. In prompt flare events the
electron fluxes arrive only a few minutes before the proton
fluxes, not by the several hours observed on 11-12 January.
Solar cycle 20 has so far been characterized by a large number
of particle events of highly complex character but containing few protons
> 10 MeV. The classic and simple event studied extensively during the
last solar cycle at energies usually above 100 MeV has occurred
infrequently. Figure 12 illustrates how bewildering solar particle
phenomena can be at the lower energies and when the electron compo-
nent is also considered. At least four distinct solar particle events
occur during a six day period from 26 to 21 October 1967. On 26
October a 2N flare beginning at 0930 UT with heliographic coordinates
N10 W35 produces a prompt electron event. This one is similar in all
14.
respects to the approximately 80 events studied since late 1963. On
27 October an EDP event begins, evidently associated with the above
flare or the active region in which it appeared. Early on 29 October
another EDP event appears. Protons with energies >12 MeV are present
but rather few electrons >45 KeV occur. These fluxes occur between
two sudden commencements. A few minutes before 2400 UT on 29
October a 2B flare begins at a location of N10 W90. An intense radio
noise burst follows by a few minutes. Despite the location of the flare
on the west limb rather large fluxes of electrons with energ" > 22 KeV
reach the earth within 30 minutes of the flare beginning. A few hours
.later protons > 12 MeV appear and several hours later still, protons
with energy ;?;300  KeV arrive.
Prompt Electron Effects from Flares Far Off Field Li s Which Connect
to the Earth
The bright flares of 11 January 1967 and 29 October 1967 give
the possibility of studying some features of particle propagation from
flares far to the West and well into the southern hemisphere. Table 3
summarizes the characteristics of these flares and the prompt electron
fluxes associated with them. Figures 13 and 14 show the prompt
electrons in more detail. These fluxes differ from the prompt fluxes
seen from smaller flares mostly near W60 in that these latter events
have a rapid rise, little or no structure, then a very long smooth
decay with 1/e time of about 10 to 20 hours. The two events in Figures
13 and 14 are similar in having prompt arrival and rapid rise. They
differ in having considerable structure; and they last only two to three:
hours. These effects are evidently characteristic of all large:, bright
flares but can be distinguished only when the flare is well away from
is*
field lines connecting to Earth. This is evidently because they become obscured
by the long-enduring, prompt component which is confined to the relatively
narrow cone of propagation (Lin and Anderson, 1967).
The structure of the prompt electron fluxes on 11 January is quite
remarkable. Figure 13 shows three distinct peaks. The first is the
largest and contains the softest electron fluxes.	 The electrons have
energy > 40 KeV but very few have energies ;;^ 500 KeV. The second peak
shows up in the geiger counter as a shoulder at 0345 LIT. The ion
chamber responds to this peak showing that an appreciable number of
electrons > 500 KeV are present. However, the lack of response in the
OGO-3 detector shows that very few of the electrons have energy higher
than 5 MeV. The third peak at 0440 UT is dominated by very fast
electrons. The flux of electrons at 5 MeV is about 5 (cm 2
 sr sec MeV)-l.
The energy spectrum when fitted to a power law is characterized by an
exponent of 3.7 between 5 and 8 MeV and a much steeper slope (y-8)
at energies above 8 MeV. These particles are extremely anisotropic.
The OGO-3 detector measures a ratio of flux coming along the field line
from the sun to flux coming back toward the sun of at least 25 to one.
The complex but short-lived structure of the prompt electrons in
the flares of 11 January 1967 and 29 October 1967 is interpreted in the
following way:
1.	 Large, bright flares generate intense flare waves (Athay and
Moreton, 1961).
•	 2.	 The 'lare waves propagate through the solar atmosphere across
the solar surface over distances corresponding to ;^ 30o helio-
graphic latitude or longitude (Athay and Moreton, 1961; Smith
and Engle, 1968).
^.
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3. As such flare waves pass through certain regions of the solar
atmosphere they are able to accelerate electrons to speeds of
half the speed of light up to nearly the speed of light.
4. Electrons can thus be accelerated on field lines leaving the
solar atmosphere and connecting to Earth. Then, taking tranrs-
verse diffusion of the electrons in interplanetary space to be
negligible, the el .--ctrolns spiral out on these field lines to dir -
Lances '-1 A.U.
The time between the first and last peak in Figure 13 is 100
minutes. In this time at. 200 Km/sec a flare wave would travel a distance
of nearly 2 solar radii. Therefore it is not likely that the three electron
peaks art: produced by the same flare wave. It thus seems necessary
to invo'l .e three separate flare waves to account for the three peaks.
The first electron peak is delayed about 50 minutes from the flare maxi-
mum. If this 50 minute delay is interpreted to be the time for the flare
wave to go from 260S to near the equator of the sun where it encounters
field lines convected to earth the required wave speed Is — 200 Km/sec.
This is somewhat slower than the wave speed usually measured for
flare waves traveling in the chromosphere (Smith and Engle, 1968).
However, the wave speeds measured by optical methods apply to the
lower corona whereas it is likely that the acceleration of the electrons
that reach the earth occurs at a much higher altitude where the wave
speed is perhaps lower.
SUMMARY OF THE OBSERVATIONS
1. Most xabP events contain both low energy electrons and protons.
Occasionally, only protons can be detected and very rarely, only
electrons.
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2. EDP particle events are primarily low energy phenomena
(protons P300 KeV and electrons P20 KeV). Protons ? 10
MeV are often present but in small intensity.
3. The ratio of protons > 300 KeV to electrons > 20 KeV varies
greatly from one event to another.
4. The ratio of protons to electrons varies greatly during a parti-
cular event.
5. In most EDP events the centroid of the electron flux occurs
before the proton centroid. The time difference ranges from
less than an hour up to many hours. Several events show
separations of 6 to 10 hours.
6. The EDP events often show a two-component structure. The
broad (F' 700 ), smooth halo is suggestive of a coronally stored
population in diffusive equilibrium. The core shows large and . .
quite rapid intensity variations particularly in the protons. The
core particles are therefore not in equilibrium and are either
being produced or released with characteristic times of a few
minutes.
7. The proton fluxes in the core usually show a more fluctuating
character than do the electrons in the core. This smoother
behavior of the electrons was previously commented on by Lin
and Anderson (1967) in connection with delayed events.
S.	 EDP events are often associated with weak depressions in the
sea level neutron intensity. Occasionally they are associated
With a well-developed Forbush decrease. This association
usually occurs at the time of the core rather than the halo.
_.
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9.	 EDP events are often associated with one or more sudden
commencements or sudden impulses. There is some tendency
fur these to occur in pairs, one near the beginning; of the c, e
and one near ita end.
DISCUSSION
Although the long-lived streams of solar energetic particles are
highly complex phenomena, several interpretative ideas have been found
to be useful:
1. Transverse diffusion of electrons and protons in the interplanetary
magnetic field plays a negligible role in shaping these phenomena.
The motion of these particles from suii t,,) earth is best thought
of as a simple gyration about a particular field line. Some pitch
angle scattering may occur but at the level of analysis carried out
in the present work this does not play a role.
2. The interplanetary field lines are being convected outward from
the rotating sun by the solar wind according to the frozen-in
condition. Thus, long-lived particle streams which initially lie
to the east of the Earth will eventually appear in the neighborhood
of the Earth. Alternatively, this process may be thought of in
terms of the particle stream sweeping over the earth due to
corotation (O'Gallagher and Simpson, 1 966).
3. Combining the ideas in (1) and (2), it can be said that the time
history of long-lived solar particle streams as they sweep past
the earth reveals information about the solar source of these
particles. Thus the angular width of the stream at Earth
corresponds to the angular width of the solar source region.
i
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Furthermore, regions of the stream containing quiescent fluxes
reflect quiet conditions in the source (halo), whereas the portion
of the stream in which the particle fluxes vary rapidly at Earth
correspona to connection into source regions where strong
spatial gradients and/or rapid time variations exist (core).
	
4.	 In this interpretation the existence of long-lived particle streams
implies long particle storage times in the solar atmosphere,
presumably the corona. This conclusion may explain the highly
variable ratio of electrons to protons in these events. Thus the
fact that nearly pure electron streams are a rarity but nearly
pure proton streams are not may point to a shorter lifetime for
electrons in the storage region.
	
S.	 We have attributed the very large angular widths of the particle
streams observed by us and previously by Fan et al. (1968) to
	
1
diffusion in the solar corona. Fan et al. had attributed this
feature to an extreme flaring out of fields lines from active
centers. We do not favor this view on the grounds that in
all the cases we have studied several active regions have been
press.,nt on the disc at the same time. We see nothing that would
allow one center to spread its lines above all the others. Also
Figure 11 shows that a region quite far in the south can give
rise to particles in the neighborhood of Earth even when active
centers are present in the north. It appears that the arguments
of Lin et al. 0 968) to show coronal diffusion in at least one
solar particle event cart be used in connection with the solar
part icIv stream discussed here.
,.^.. ^'	 y	 ^	 ^.^ u.ii^^Mrlf'r^" "" •f ,., ^`_.a`^^r^ a ,^	 '^. r-	 '`--	 . 4^,. ^ _.^ ^ . _	 ^	 s z<^7b'•^°
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6. We have given evidence here that particles, in particular elec-
trons, may reach the Earth promptly following large, bright
flares even if those flares are quite far south or near the west
limb. Following the interpretation given here, there trust exist
sorne mechanism which spreads over a large part ( ;0 300 ) of the
solar atmosphere in times the order of 20 minutes and which
causes the release or acceleration o,. energetic electrons. We
postulate that this mechanism is the flare wave (Athay and More-
ton, 1961). In support of this idea we note that in the earth's
magnetosphere the energetic electrons are strongly modulated
and perhaps accelerated by long - length hydromagnetic waves
(Lin and Anderson, 1966). The particles in the long-lived
streams evidently also spread over the same large distances in
the solar atmosphere but by a different mechanism. As discussed
above, this mechanism is assumed to be coronal diffusion.
7. The interpretation of the EDP events given here does not appear
to explain what is perhaps their most striking feature: The
electron - proton splitting in which the centroid of the electron flux
almost always appears at Earth several hours before the proton
centroid. On the corotating stream interpretation we can say
that the electrons are advanced in a direction to the west of the
sun-earth line by an amount corresprinding to l 0 to 70 with respect
to the protons. This separation w%,,-,d not be expected from a
simple E x B drift. Curvature or grad B drift in interplanetary
space are not nearly large enough to account for this rather
large separation. One suggestion at least quantitatively reasonable
is that an inwaa d gradient of the magnetic field in the solar
storage region of 1 gauss per solar radius acting on the stored
r,A•R
^. _^Ic-A^^^x.!^,a^'^l: fF	 "^	
36 "1 	 4iSa^d+^:.
_ _
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particles over a period of a few days could shift the — 1 MeV
protons to the east if the field is directed northward while
the — 40 KeV electrons remain essentially in th«t same place
since their Larmor radii are so small that they do not effectively
experience the field gradient,. We can offer no explanation why
the field should be consistently northward in the storage region
although if the storage region is high in the corona as seems
likely the field might be expected to be more stable than it is
lower in the atmosphere where it is affected more by individual
sunspot fields.
Finally, we discuss the question of the relation between the three
kinds of long-lived streams that have been identified in various experi-
mental studies and which were listed at the beginning of this article.
We see more sirnilarities than differences among them and it seems
likely that they represent different aspects of the same phenomenon.
The ESP events seem to represent the early phase in the life of a
long-lived stream (EDP event). Thus they are begun or greatly enhanced
by a large, bright flare and are accompanied by a vigorous interplanetary
disturbance which results in an SC as it sweeps over the earth about a
day aster the flare. Some of the delayed events studied by Lin and
Anderson (1967) appear to be essentially the same as ESP events
reported by Bryant et al. (1962) and by Rao et al. (1967). Other delayed
events resemble more the active center associated streams studied by
Fan et al. (1968). These appear to be streams of more advanced age
having been produced many days earlier by large flare n, which tTiay
r_
even have occurred on the invisible disc. Ur, as Yan et al. (1907)
have argued they may have been produced by many smaller flares or
by a general acceivratiun process acting over a period of many days.	 y
..__..	 .	 ='S Ate	 4	 .x	 Z'	 . 	 _._
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Table 1
Year	 Number of E.D.P. .Events
1964*	 P
1965 t 	 t
1966	 9
19 6 7 ;t .,.	 2 2
", No sensitivity to particle events composed mainly of protons
tObservations available only for ',, months during which 3
events were observed
Sensitivity to low energy particle events somewhat higher
after Day 144, 1967
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FIGURE CAPTIONS
Figure 1:	 Four separate solar particle events occurred during;
January, 1967. The three indicated by bars in this
figure are discussed here. The arrows indicate times
of maxima in the particle intensities.
Figure 2:	 The first EDP event in January, 1967 contained no detect-
able electron fluxes. The protons appeared in two com-
ponents, the smooth "halo" from 5 to 10 January and the
Figure 3:
Figure 4:
structured "core" from 7 to 9 January. A depression of
3% in the ground-level neutron intensity is associated with
the appearance of the particles.
Again there is evidence for a halo-core effect in this
event. The particles are probably to be associated with
McMath region 8654. A small neutron intensity decrease
at sea level occurs.
This event contains rather energetic protons but the elec-
tron flux is not detectable. The enhancement of soft pro-
Figure 5:
Figure 6:
tons early on 9 July is probably a core effect and not due
to the small flare noted on this figure.
Two EDP events in March, 1967. In the first event only
electrons were detected, while in the second both electrons
and protons were present.
This example illustrates particularly well the interplanetary
phenomena associated with EDP events. The neutron moni-
tor decrease is well developed and an SC marks the arrival
of the particles. Two other sudden commencements also
.emu.-............_ ..._. .-va- v...
.:...:.	
..	
..^;rr^gsYW.1k'MA4d.x ^llK`%' 't lip  • i	 ..
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occur. This example also illustrates the marked
difference bitween the time histories of the electrons
and protons.
Figure 7:	 The electrons maxima have passed by 2000 UT on 26 June
but the protons persist for a much longer time.
Figure 8:	 Although the particle intensities are not high, this event
is associated with a depression of the ground-level
neutron intensity. The electrons arrive almost 10 hours
before the protons.
Figure 9a: This event again shows the earlier arrival and earlier
disappearance of the electrons. The protons are more
structured.
Figure 9b: The energetic protons are seen to have a smoother
behavior than the softer protons in Figure 9a. The
electron fluxes appear differently in the t%%o spacecraft
apparently due to spatial inhomogeneities in the particle
fl ux.
Figure 10: A solar particle evert for which only an association with
an active center can be found. There are no associated
interplanetary or terrestrial effects. The electrons
appeared in two components. First, there is a rather
intense peak early in the event. This is followed by a
weaker, slowly decaying component. The more rapid 	 I
spikes are probably electrons of terrestrial origin. The
protons are highly structured.
Figure 11: An EDP event associated with a bright flare in the south.
The, electrons and protons are separated by several hours,
with the electrons again appearing first.
r
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Figure 12: This figure illustrates the complexity of low energy solar
particle phenomena. Several solar particle events appear
during this seven day period. Despite the location of the
flare on the west limb, electrons appear with very little
•	 delay. The soft protons, however, do not reach maximum
intensity until 30 hours after the flare. This delay is much
longer than the interval required for simple guiding center
motion in the interplanetary field.
Figure 13: Fluxes that arrive promptly from a flare quite far into the
sun's southern hemisphere. The delayed particles produced
by this flare are shown in Figure 11.
Figure 14: Prompt particles from a flare on the west limb of the
sun. These particles show much the same behavior as
the ones in Figure 13. In both cases it is hypothesized
that their origin is due to a flare wave which spreads out
over a large portion of the solar surface. In this way
particles are accelerated on field lines near 60 0W that
convect to the earth.
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